The blood-epididymis barrier (BEB) is a critical structure for male fertility. It enables the development of a specific luminal environment that allows spermatozoa to acquire both the ability to swim and fertilize an ovum. The presence of tight junctions and specific cellular transporters can regulate the composition of the epididymal lumen to favor proper sperm maturation. The BEB is also at the interface between the immune system and sperm. Not only does the BEB protect maturing spermatozoa from the immune system, it is also influenced by cytokines released during inflammation, which can result in the loss of barrier function. Such a loss is associated with an immune response, decreased sperm functions, and appears to be a contributing factor to posttesticular male infertility. Alterations in the BEB may be responsible for the formation of inflammatory conditions such as sperm granulomas. The present review summarizes current knowledge on the morphological, physiological and pathological components associated with the BEB, the role of immune function on the regulation of the BEB, and how disturbance of these factors can result in inflammatory lesions of the epididymis.
Introduction
Sperm maturation in the epididymis represents a critical process in male fertility. During this process, sperm acquire both motility and the ability to fertilize. Sperm maturation is dependent on the composition of the epididymal lumen, which is created, in part, by products secreted from Sertoli cells in the testis which enter the epididymis, by secretion and absorption of ions and proteins by principal cells which line the lumen of the epididymis, and by the blood-epididymis barrier (BEB) which limits the exchange of molecules between blood and lumen ( Fig. 1) . In addition to creating this environment for sperm maturation, the BEB also provides an immuneprivileged, or immune protected, milieu for sperm since they are immunogenic. The BEB is created by tight junctions between adjacent epithelial cells. Tight junctions are comprised of transmembrane proteins that enable the cells to adhere to one another, and intracellular proteins that link the transmembrane proteins to the weight-bearing cytoskeleton of the cell. The tight junctions and selective transport by principal cells allow the epididymis to concentrate organic molecules, such as carnitine and inositol, to levels that are 10-to 100-fold greater than in the blood.
1 Three families of transmembrane proteins are implicated in tight junctions: claudins (Cldns), MARVEL proteins, and junctional adhesion molecules (JAM). Table 1 
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Friend and Gilula 2 first characterized the ultrastructure of tight junctions in the epididymis. They noted that epididymal tight junctions were the most elaborate of all the different tissues studied at the time. Subsequent studies demonstrated differences in the ultrastructure of tight junctions along the length of the epididymis. 3, 4 Agarwal and Hoffer 5 reported that the barrier in the rat was impermeable to lanthanum in the proximal region of the epididymis by postnatal day 14, and that by day 21, the entire epididymis was impermeable. Contradictory results by Guan et al. 6 reported that the barrier was impermeable by 7 days of age. In the mink, the barrier is impermeable to lanthanum during embryonic development.
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Likewise immunolocalization studies in mice suggest that the lumen of the epididymis is formed during embryonic development and that occludin is localized to the apical region of the epithelium at that time. 8 This would support the notion that the BEB begins to form during fetal development and that differences in permeability and ultrastructure may become complete only during postnatal development.
Signature histological lesions of blood-epididymis barrier compromise
Inflammatory lesions (interstitial edema and inflammatory infiltrate) and/or sperm granulomas are the most common histopathological changes that would suggest compromise of the BEB.
Epididymal inflammation can represent a primary response to a drug (which may then compromise the BEB), or may be a secondary response to breakdown of the BEB by some other injurious mechanism allowing access of the host immune response to the antigenically foreign sperm (Fig. 2) . The BEB, therefore, represents a critical aspect of the interface between the immune system and fertility. As such, changes which alter the structure or function of the BEB inevitably also affect sperm maturation, and impact male fertility and reproductive health. A is a lysosomal caboxypeptidase that facilitates lysosomal targeting and activation of α-neuramididase and protects β-galactosidase and α-neuramididase against proteolytic degradation. 10-13 In knockout mice, the membrane localization of Cldns 1, 3, 8 and 10 is either decreased or becomes cytoplasmic in regions of the epididymis. The epididymis of these animals is also permeable to lanthanum nitrate perfusion, indicating a loss of BEB function (Fig 3A, B) .
This was associated with an increased number of macrophages in the interstitium of the epididymis and abnormal halo cells in the epithelium (Fig. 3C, D) . 14 Furthermore, the loss of BEB function was associated with an increased percentage of static sperm in the cauda epididymidis, and dramatic changes in sperm motility and velocity parameters. These observations offer basic guides to pathologies resulting from a loss in BEB function and subsequent immune response. Cai et al. 15 reported that a mixture of polychlorinated biphenyls (PCBs; Aroclor 1254) caused increased permeability of epididymal tight junctions to lanthanum perfusion, suggesting that the BEB was compromised. Gene profiling indicated that PCBs altered small G-proteins, and this was associated with a decrease in ZO-1 levels. Unlike the cathepsin A knockout experiments, PCBs did not appear to cause overt changes in the epithelium of the epididymis, nor was there a noticeable increase in macrophages in the interstitium. Whether or not the BEB was fully compromised in this study is difficult to assess but clearly the response appeared to be somewhat attenuated.
Aging studies using Brown Norway rats reported that the BEB was compromised in aging individuals. This was reflected by decreased expression of occludin, ZO1 and the cell adhesion protein E-cadherin (CDH1). 16 The loss of barrier function in aging rats was also associated with an increase in number of halo cells (monocytes and lymphocytes) present in the epithelium of the epididymis. 17 These observations support the notion that the loss of barrier function in the epididymis is associated with an immune response.
In humans, alterations in components of the BEB are associated with decreased fertility. Studies comparing gene expression in fertile and non-obstructive azoospermic infertile patients indicated that the intracellular targeting of Cldn10 and ZO1 was altered, while the expression of several Cldns was down-regulated in infertile patients (Fig. 4) 
Interstitial inflammation
Edema and acute interstitial inflammation of the epididymis and/or the efferent ducts are one of the more common drug induced changes seen in the epididymis. Sperm granulomas (a chronic inflammatory response surrounding and sequestering a bolus of extravasated sperm) often develop as a sequel to an earlier interstitial inflammatory response [22] [23] [24] [25] or following prior epididymal epithelial damage. 26 Sperm granulomas and dilatation of testis, efferent ducts, and epididymis have been observed in rats following inhibition of phosphodiesterase 4 (PDE4). 22 PDE4 is the main enzyme in mammals that hydrolyzes and thus degrades cAMP.
PDE4-selective inhibitors have been reported to increase levels of cAMP in cells, thereby suppressing certain inflammatory processes. 27 A variety of PDE4 inhibitors have been reported to cause testicular and epididymal toxicity, although mechanisms by which these occur are unclear. 28 Heuser et al. 29 reported an interstitial inflammation in the efferent ducts and epididymis following dosing with a PDE4 inhibitor. In a time course study, the acute epididymal inflammation occurred as an early event and at the same time as luminal dilation of the efferent ducts and the ducts of the initial segment of the epididymis. Although the cause of the inflammation is unknown, the authors suggest that the inflammation could be secondary to a physical compromise of the BEB (due to ductular dilation) or more likely due to a direct effect on the vasculature. Epididymal sperm granulomas were also seen, but as a later event.
Administration of L-cysteine to prepubertal rats also produced interstitial edema and acute inflammatory infiltrate as an early change followed by sperm granulomas with longer dosing. In this case the inflammatory changes were considered by the authors to be associated with Lcysteine induced defective development of the caudal epididymal ducts, leading to obstruction of sperm outflow, ductal rupture and resultant sperm granulomas in the corpus and cauda region.
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In man, epididymal inflammation is most commonly caused by bacterial infections, although male urinary tract infections are not common. 
Sperm granulomas
Over 250 articles, dating back to 1964, have reported the incidence of granulomas in various tissues. Granulomas are generally described as a collection of macrophages as well as other substances or cells, and are considered to be inflammatory lesions. They appear to serve essentially as a means by which a tissue or organ attempts to restrict or isolate a systemic immune response, by 'walling off' or surrounding the foreign body (or bodies) which may pose an antigenic challenge. When substances perceived as foreign (eg bacteria, cells, fungi, suture fragments, chemicals, sperm, etc) cannot be eliminated, the immune system tries to isolate these by surrounding the foreign bodies with macrophages and connective tissue ( Fig. 2) .
Sperm or spermatic granulomas have been defined as a lump of extravasated sperm in the epididymis or vas deferens and are reportedly comprised of distintegrating spermatozoa, macrophages, neutrophils, and vacuolated epithelial cells containing cellular debris, 29,36,37 and have been widely reported sequelae of vasectomy in both humans and rodents. [38] [39] [40] [41] [42] In addition to post-vasectomy conditions, spermatic (also called epididymal) granulomas have also been induced in a variety of species, particularly rodents, following treatment with hormones, such as testosterone, and a variety of drugs and chemicals. 25, 26, 29, 43, 44 Many spermatic granulomas occur in the cauda epididymidis, and have been observed in several types of mice generated with deficiencies in specific genes. For instance, the estrogen receptor-null knockout mice (ERKO) 45 and SED1-null mice 46 both display disruption of epididymal epithelium integrity, resulting in formation of sperm granulomas.
Although widely considered to be an aspect of immune response, controversy exists in human medicine, as to whether or not spermatic granulomas are a good thing. Some authors report that spermatic granulomas are beneficial in helping to maintain the balance of inner hydrostatic pressure in the male reproductive tract. 47, 48 Other studies argue against such benefit, and consider granulomas to precede other pathologies, including gangrene and tumors. 49, 50 Furthermore, evidence is lacking to clearly demonstrate whether or not granulomas arise as a result of a disruption of tight junction proteins of the tissue barrier, namely the BEB, thereby allowing sperm to leak out of the epididymal lumen into the interstitial compartment, and neutrophils, antibodies, and macrophages to leak into the lumen and attack sperm. Several studies have reported that spermatic granulomas may function as a sperm disposal system, as
shown by a change in their free radical status 51, 52 and that there is a link between granulomas, higher protease activity, and superoxide radicals.
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Oxidative stress, inflammation and the epididymis Reactive oxygen species (ROS) are formed as a result of normal cellular processes in the mitochondria of all cells, and can also act as intermediates in some metal-catalyzed reactions.
ROS are known to play a role in numerous inter-and intra-cellular signaling processes, as well as in immune cell responses (also see Fujii and Imai, this issue). There exist several mechanisms to control the level of oxidation within a cell, and to eliminate potentially damaging oxygen-based free radicals. These include anti-oxidant enzymes such as superoxide dismutase (SOD) and catalase, and non-enzymatic molecules, most frequently, glutathione, which has an exposed sulfhydryl group that can readily react with oxidizing free radicals, reducing the glutathione, which can then be regenerated by several cellular reactions.
ROS are known to be produced, likely by spermatozoa themselves, as part of the normal process of sperm capacitation. 54, 55 Circulating leukocytes within the male reproductive tract also produce ROS, generally in response to stress, including radiation, chemicals, and infectious agents, among others.
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It has been demonstrated that excessive levels of ROS, resulting from leukocyte production, can negatively impact fertility and lead to inflammation, although the precise mechanism(s) by which this is achieved is/are unclear. The assumption is that the leukocytes infiltrate the BEB in response to infection or foreign agents, but it is not clear if the stress (infection, chemical, etc) leads to disruption of the barrier, permitting infiltration of leukocytes, or if some other mechanism is involved. For instance, accumulation of free radicals can disrupt the blood-brain barrier by activating matrix metalloproteinases (MMPs), which leads to the degradation of tight junction proteins and increased brain-blood barrier permeability. In contrast, it has also been shown that the tight junction protein Cldn1, can regulate Notchsignaling via its regulation of MMP-9 and p-ERK signaling in murine intestinal epithelium. 87 The result is a regulation of epithelial proliferation and therefore a role in epithelial homeostasis. Given the presence of multiple Cldns, particularly Cldn1, in both human and rodent epididymis, it is possible that the Cldns play an important role not only in the establishment and maintenance of the tight junctions of the BEB, but also in regulation of signaling and of epithelial homeostasis.
Role of toll-like receptors and defensins in epididymal inflammation and immune protection
The occurrence of spermatic granulomas as a result of bacterial challenge has been examined in numerous studies, and indeed, the role of innate immune receptors, including the family of Toll- 
Role of proteins in the composition of the BEB
Cldns are tetraspan transmembrane proteins linked to the cytoskeleton via the zona occludens The selectivity of such pores is dependent on specific Cldns. and concluded that they display some overlap in localization and function, yet this overlap appears to be non-redundant. Previous studies have suggested that any one of these proteins is not critical or essential for tight junction formation. For example, Saitou et al. 135 showed that while occludin-knockout mice displayed growth retardation, testicular atrophy, and other effects, there were no defects in epidermal, renal, respiratory, or intestinal barrier function. However, Raleigh et al. 133 concluded from their studies that although there is overlap among these 3 proteins, no compensation by the other family members occurs following knockdown of either tricellulin, occludin, or marvelD3, which may result in effects on tight junction assembly. Interestingly, tumor necrosis factor (TNF)-treatment of intestinal Caco-2 cells showed that protein expression of marvelD3 and tricellulin were increased, but that of occludin did not change. 133 Occludin was the first tight junction protein identified in the epididymis, and the same study reported that tight junctions were heterogeneous, and that occludin was not expressed or was expressed at low levels in the initial segment of the epididymis. 136 This led to studies which showed that Cldn1 was localized to epididymal tight junctions in all epididymal regions, and that the localization of the protein was regulated by androgens, but only in the initial segment, indicating that Cldns may be regulated differently in the different regions of the epididymis (Fig 5) . 137 Studies by Guan et alepididymis, and that the localization of Cldns varied as a function of postnatal development, being localized primarily to the cytoplasm in young animals, and becoming progressively localized to the plasma membrane as a function of age (Fig 6) . While the mechanism responsible for this is unclear, DeBellefeuille et al 140 showed that during development, ZO-1 associates with β-catenin (CTNN1) in the adherens junction prior to the formation of tight junctions, suggesting that this association was necessary for the initial assembly of the tight junctions. These studies point to the fact that pathological examination of the BEB barrier necessitates immunolocalization studies as the localization of tight junction proteins may be mistargeted under certain conditions. Certainly the conclusion from developmental studies indicates that post-transcriptional modifications in cellular targeting associated with the formation, or completion of the BEB, are as important as the transcription regulation of the genes. Furthermore, the effects of androgens on
Cldn1 localization indicate that anti-androgens may affect, if not the entire function of the barrier, certainly its permeability, which may result in consequences for sperm maturation. 
Role of basal cells in the BEB: protector of the barrier?
In pseudo-stratified epithelia, such as the epididymis, it has generally been accepted that basal cells are restricted to the basal compartment of the epithelium. 
Access of drugs across the BEB
Many factors can affect an individual's response to toxic or therapeutic substances.
Toxicokinetics/pharmacokinetics examines time-dependent processes regulating the interaction between substances and living organisms. This encompasses 4 fundamental principles of toxicology: absorption, distribution, bio-transformation, and excretion. Dose and physico-chemical characteristics of the substance, route and duration of exposure, and inter-individual variability are all important factors which can influence the kinetic profile of a given substance. Any compound is capable of eliciting a response if given at sufficiently high doses. Chemical lipophilicity and routes of exposure will also greatly affect how a substance is both absorbed and distributed throughout the body. As a general rule, lipid-soluble compounds are more readily absorbed through the skin, the gut and the lungs, and are more easily distributed between internal compartments. Other substances, while innocuous in their original form, can be bioactivated by xenobiotic metabolizing enzymes in the liver to become more toxic. Cellular barriers, such as the BEB, regulate the paracellular movement of molecules, including toxic substances, across blood-tissue barriers thereby affecting the distribution, absorption and transfer of substances. As such these structures play an important role in drug distribution.
Cellular transporters and the BEB
A functional aspect of cellular barriers is the ability to regulate the movement of materials across the barrier to maintain ideal conditions within immuno-privileged environments while protecting cells within these sites. As discussed above, one of the functions of Cldns in the tight junctions is to regulate and in some case, restrict, the paracellular movement of ions between cells. To regulate larger molecules including organic toxicants, transport systems have been shown to be associated with different barrier systems in the body. ATP-binding cassette (ABC) transporters are a large family of membrane-embedded transport proteins implicated in multidrug resistance. [150] [151] [152] There are 49 ABC transporters in humans that can be subdivided into 7 families.
They actively transport various molecules including drugs, lipids, metabolites, and ions. 
Conclusions
In conclusion, the morphological and physiological components of the BEB represent essential aspects of male fertility. Disruption or loss of specific BEB components or disturbances to the epididymal epithelium which compromise integrity and functioning of the BEB can elicit immune responses, and have been associated with decreased fertility in humans. Although disruption or loss of the BEB can result in an immune response, the barrier itself is clearly also subject to regulation by the immune system, especially in cases of inflammation. There have been limited reports of pathologies resulting directly from loss of BEB function; perhaps the most obvious reason for this resides in the complexity of the BEB and the large number of proteins that comprise the junctions of the BEB. We are now beginning to better understand the roles of the various protein components of the BEB, and the loss of BEB function may not necessarily result in full loss of the barrier but rather in its physiological functions, whether these are associated with the tight junctions, cellular transporters, or components of epididymal immune functions, such as the defensins. Clearly, assessing pathological effects on the epididymis will require multiple approaches to fully understand how epididymal function may be impacted by environmental toxicants, drugs or infection and the consequences for male fertility.
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